INTRODUCTION

ALERTNESS AND ATTENTION ARE MAIN FACTORS FOR CORRECT PERFORMANCE IN WORKING CONDITIONS, TRAFFIC, AND MANY OTHER SITUATIONS OF DAILY life;
sleepiness is a causative factor in vehicle crashes. 1 Figures given by different studies range from 1% to 4% in the United States to 16% in the United Kingdom, respectively. 2 In many jobs, sustained attention is required in order to ensure the health and safety of humans. Sleep deprivation leads to fatigue, a decrease in sustained attention, and reduced vigilance. [3] [4] [5] Therefore, sleep loss results in a higher risk for accidents and errors during situations in which constant levels of attention are necessary. 6, 7 Investigators have been trying to find easy and effective methods to objectify fatigue in humans. Eye movements promise to be an informative measure of fatigue because the eyes are constantly moving, movements can be easily recorded, and many parameters of eye activity are not under voluntary control. 8 Different high-and low-level brain systems cooperate to control eye movements, eg, frontal and parietal eye fields, basal ganglia, thalamus, brainstem, and cerebellum. By looking at different parameters of eye movements, the impact of fatigue on different brain functions might be distinguished.
Eye movements during wakefulness usually occur as 1 of 2 types: pursuit or saccadic movements. Pursuit movements have the purpose of smoothly following a moving target or fixing the gaze on a target during head movements. Saccades are changes of gaze direction toward a target. Their characteristic feature is that movements are not smooth but organized into distinct jumps. These jumps are rapid and accurate, and their end point cannot be changed once the saccade is initiated. Saccadic eye movements can be tested in several experimental paradigms. Prosaccades are externally triggered reflexive saccades, guided by the sudden appearance of a peripheral visual target. Antisaccades require the voluntary suppression of a saccade toward a peripheral visual stimulus and demand making a saccade in the opposite direction. Memory-guided saccades force the subject to suppress a saccade to a peripheral target flashed briefly and to remember the target position. After a variable delay, the subject is asked to perform a saccade to the remembered position. Both antisaccades and memory-guided saccades are intentional, internally triggered saccades. Different types of saccades and their parameters are controlled by specific systems. For example, the parietal eye field is involved in attentional and special aspects of visually guided saccades, whereas the frontal eye field, the dorsolateral prefrontal cortex, and the supplementary eye field participate in temporal and motor control of intentional saccades. The parietal eye field, frontal eye field, and supplementary eye field project to the superior colliculus and to the paramedian pontine reticular formation, which generates horizontal saccades. 9 The main parameters of saccadic performance are speed and accuracy. Speed can be measured as latency and velocity. Saccadic velocity is often given as peak velocity in degrees per second. Greater saccadic amplitude is accompanied by higher peak velocity. The relationship between saccadic amplitude and peak velocity is nonlinear and known as main sequence. Peak velocity reaches asymptotic values of about 500° per second at amplitudes bigger than 20°. Latency is the simple reaction time from target presentation to onset of the saccade. It depends on the nature of the stimulus and is modulated by motivation and attention. 8, 10 Saccadic accuracy can be described by the gain, which is the ratio of the amplitude of the saccade and the amplitude of the target. A gain of 1 means that the saccade is absolutely exact. Saccades can either be too small (hypometric) or too large (hypermetric). Saccades of normal individuals are usually slightly hypometric. 8 There are only a small number of studies investigating the influence of sleep deprivation on saccades. [10] [11] [12] [13] [14] [15] [16] Results of these studies are not entirely conclusive, as they used different saccadic parameters. In partially sleep-deprived pilots, Morris and Miller 11 found that blink amplitude was the best predictor of errors in a simulated flight. Velocity of spontaneous saccades did not correlate with the error score. Crevits et al 12 likewise found an increase in eyelid blink rate after 20 hours of sleep deprivation and no impairment of latency in prosaccades and antisaccades. On the other hand, there are also some studies showing distinct impairments in oculomotor performance after sleep deprivation. Russo and coworkers 13 found that, after partial sleep deprivation, mean saccadic velocity of large reflexive prosaccades decreases significantly. Moreover, saccadic velocity and number of accidents in a driving simulator task correlated negatively. A series of studies investigated the usefulness of smooth pursuit and saccadic eye movements as indicators of fatigue. After 40 hours of sleep deprivation, peak velocity significantly decreased and latency significantly increased for saccadic eye movements, and velocity gain in smooth pursuit, another measure of ocular speed, was significantly reduced. [14] [15] [16] Measures of accuracy were unaffected. During the night after a sudden inversion of the sleep-wake cycle by additional daytime sleep and following nighttime wakefulness, accuracy and number of errors in the saccade task were negatively affected by high levels of sleepiness. Smooth pursuit velocity gain was reduced. 17 Previous studies, together, indicate that oculomotor tasks can be affected by sleep deprivation and fatigue. However, some studies have found influences primarily on measures of speed, whereas others have found accuracy to be impaired. The present study aims to provide a comprehensive analysis of the effect of sleep deprivation on different saccade paradigms, measuring speed and accuracy. It will be discussed whether eye movements can be useful for objectively monitoring fatigue and which parameters might be best suited for this task.
MATERIAL AND METHODS
Subjects
Fifteen men aged between 19 and 30 years (mean ± SEM: 23.7 ± 0.7 years), all right-handed, took part in the study. All of them were nonsmokers and had normal or corrected-to-normal vision. All subjects had a Snellen visual acuity of 0.8 or better. They were questioned about their usual sleep-wake behavior. Subjects were included who reported a habitual 7 to 9 hours of sleep per night and a regular sleep-wake cycle within the 6 weeks before the experiment. They were instructed to go to bed before 11 PM and to get up at 7 AM on the nights before the experiments, and they were not allowed to ingest caffeine or alcohol before experimental nights. The study was approved by the ethics committee of the University of Lübeck, and informed consent was obtained from all subjects.
General Procedure
Subjects participated in 2 experimental conditions. For the sleep condition, subjects slept 1 night (adaptation night) from around 11:15 PM until 7:00 AM in the sleep laboratory. The adaptation night served to accustom subjects to sleeping under laboratory conditions and included placement of electrodes. The next day, subjects were tested on several saccade tasks in our oculomotor laboratory from 8:00 PM until 8:30 PM (pretest), then slept again (sleep night) from around 11:15 PM until 7:00 am. The next morning (day 1) and the morning of the following day (day 2), saccades were retested from about 7:30 am until 8:00 am.
In the wake condition, subjects were tested on saccade performance in the evening from 8:00 PM until 8:30 PM (pretest) and then had to stay awake until 7:00 AM (wake night). During this time, they were not allowed to read, watch TV, or do other things that strain the eyes. Their main occupation during sleep deprivation was listening to music or audio books. During sleep deprivation, subjects stayed inside the lab under constant supervision of the experimenter. Subjects were required to press a button every 10 minutes to ensure wakefulness. Saccades were retested the next morning (day 1) and the morning of the following day after a night of recovery sleep (day 2) according to the schedule of the sleep condition. To get from one lab to the other, subjects had to walk 2 minutes between buildings. In both conditions, subjects slept at home during the night before day 2. The order of sleep and wake conditions was counterbalanced, and both nights were spaced at least 4 weeks apart. One subject was examined per night. In both conditions, subjects were trained on a memoryguided saccade task for approximately 1.5 hours after pretesting.
Procedure in the Sleep Laboratory
The morning before experimental nights, subjects got up at 7:00 AM and were not allowed to nap during the day. Subjects went to bed and lights were turned off around 11:15 PM and were awakened during the first stage 1 or 2 sleep after 7:00 AM. Before sleep, electroencephalogram (EEG) electrodes were placed at positions C3 and C4 of the international 10-20 system. A reference electrode was fixed on the nose. Electrooculograms (EOG) were recorded as described below. The electromyogram was derived from the m. mentalis. All recordings in the sleep laboratory were done on a Schwarzer BrainLab EEG-System (Schwarzer, Munich, Germany). The sampling rate of the electroencephalogram and electromyogram data was 250 Hz; the sampling rate of the electrooculogram data was 500 Hz. Electrooculogram data were filtered with a 300-Hz low-pass filter and EEG data with a highpass filter of 0.53 Hz and a low-pass filter of 35 Hz. Electromyogram data was filtered with a 3-Hz high-pass and 70-Hz low-pass filter. Sleep was scored offline according to standard criteria. 18 
Procedure in the Oculomotor Laboratory
Participants sat in total darkness in front of a large screen. The head was placed on a chinrest. The distance from the eyes to the screen was 1.4 meters.
Stimuli were generated by a red laser diode (HL 11, LISALasersystems, Katlenburg-Lindau, Germany). The deflection of the laser was done by galvo scanner (XY-Ablenk-Einheit 3037 S, General Scanning, Munich, Germany) and the triggering by a digital-analog card (AT-A0 6/10, National Instruments, Munich, Germany). The laser point was projected on a Marata panel (BKE, Nörten-Hardenberg, Germany) by back board projection.
Eye movements were registered by means of electrooculography. Ag/AgCl electrodes were positioned supraorbital and infraorbital of the left eye (for vertical movements) and at the outer corners of both eyes (for horizontal movements). A grounding electrode was fixed on the forehead. EOG data were amplified by an EOG-DC amplifier (Tönnies, Höchberg, Germany). A low-pass filter of 300 Hz and DC registration with an amplification factor of 50 µV/U were used. Data were digitized with an analog-digital card (PCI 6071 E, National Instruments) using a sampling rate of 600 Hz. Eye-movement recordings were calibrated by horizontal saccades with amplitudes of 5°, 10°, 15°, and 20° to the right and to the left and by vertical saccades with amplitudes of 5° and 10° upward and downward.
Testing in the pretest session and on days 1 and 2 included 20 antisaccades, 20 prosaccades, and 36 memory-guided saccades. For prosaccades and antisaccades, we used the classical gap paradigm. In the prosaccade task, subjects fixated on a central point for 1000 ± 200 milliseconds. After a gap of 200 milliseconds, a target stimulus appeared for 1250 ± 250 milliseconds. The subjects were instructed to look at the target as quickly and as accurately as possible. The amplitudes of the target were 10° and 20° to the right and to the left, each 5 times in a predetermined random order. For the antisaccade task, subjects had to fixate on a central point, which was presented for 1250 ± 250 milliseconds. After a gap of 200 milliseconds, a target stimulus appeared for 1800 ± 300 milliseconds. Subjects were required to direct their gaze to the position exactly opposite this stimulus. The amplitudes of the target were 10° and 20° to the right and to the left, each 5 times in a predetermined random order.
In the memory-guided saccade task, the central fixation point was presented alone for 1250 ± 250 milliseconds. Then, a target appeared for 200 milliseconds while the fixation point remained present. Subjects were told to remember the position of that target but not to look there. After memorization times of 1, 5, 10, 15, 20, 25, or 30 seconds, the fixation point disappeared and subjects had to look at the position where they remembered the target. The target reappeared 1500 milliseconds after the fixation point had disappeared. Subjects could correct their gaze, and their eyes were led back to the central position by smooth pursuit, as the target moved back to the fixation point with constant velocity. The amplitudes of the additional target were 10° and 20° to the right and to the left. Each target was presented once, resulting in 4 trials for each memorization time. Amplitudes of 5° and 15° to the right and to the left were used as distracters; each combination of amplitude and direction was used twice. Distribution of directions and amplitudes of all types of saccades and memorization times of memory-guided saccades were predetermined and random.
Data Analysis
EOG data were analyzed semiautomatically in MATLAB 6.5 (The Mathworks Inc., Natick, Mass, USA). After calibration, eyeposition data were filtered by using a combined Gaussian (50 Hz) and median filter (15 samples). Eye movements were detected by searching for an initial eye velocity above 30° per second. Peak velocity of subsequent data in an 80-millisecond window was detected. The beginning and the end of a saccade were defined as the points at which velocity rose above or fell below 20% of the peak velocity, respectively. 19 Anticipatory saccades and express saccades with latencies smaller than 120 milliseconds (with respect to the go signal) were excluded from further analysis in all tasks. Saccades performed toward the wrong direction (error saccades) were excluded in the prosaccade and memory-guided saccade task, but their frequency was assessed in the antisaccade task.
The analyzing program provided the latency of saccadic onset and the peak velocity. As a measure of accuracy, saccadic gain was computed as saccade amplitude/target amplitude. Thus, the gain of a perfectly accurate saccade was 1. Saccadic accuracy was calculated as the absolute value of (1-gain). For antisaccades, that percentage of errors was also calculated. To allow comparison of saccades of different amplitudes, the z-values (standardized to a mean of 0 and a SEM of 1) of the latency and accuracy were computed. For peak velocity, the relationship between the amplitude of saccades and their peak velocities (main sequence) was determined using a fit procedure including a downhill-simplex method 20 for the function, where PV max is the maximal asymptotic value of peak velocity and A 63 the amplitude of a saccade that reaches 63% of the asymptotic peak velocity. 8, 21 This procedure allows comparison of peak velocities of different saccades by transforming them to identical amplitudes.
To eliminate outliers, we used limits for latency, peak velocity, and gain. In the prosaccade task, saccades with latencies from 120 to 350 milliseconds, peak velocities from 100° per second to 700° per second, and gains from 0 to 1.25 were included. In the antisaccade task, the latency range was 120 to 700 milliseconds; peak velocities between 100° per second and 700° per second were allowed, and gain was limited from 0 to -2. In the memory-guided saccade task, the acceptable range was 120 to 700 milliseconds for latency, 100° per second to 700° per second for peak velocity, and 0.5 to 1.6 for gain. Because the difficulty and characteristics of the 3 types of saccades are different, gain and latency limits were chosen as described above. Out of a total of 1800 prosaccades (for 15 subjects and 6 sessions), 296 were discarded as not on time or not on target according to these criteria. For antisaccades, 193 out of 1800 saccades had to be excluded, in addition to those saccades classified as error saccades. For memory-guided saccades, 546 out of 2352 were discarded.
Statistics were done in SPSS 11.5 (SPSS Inc., Munich, Germany). Statistical significance was assessed using repeated-measures analysis of variance on median values with the 2 factors Condition (sleep, sleep deprivation) and Measurement (pretest, day 1, day 2). Measurement represents saccadic performance at baseline, after the first experimental night, and after the recovery night, respectively. Table 1 shows the different amounts of sleep in each stage in all participants during the experimental night. No subjects had to be excluded because of sleep disturbances.
RESULTS
Sleep Data
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General Saccadic Performance
For all saccadic parameters (latency, accuracy, and velocity), significant changes were found only after sleep deprivation on day 1. No significant difference between conditions could be detected at baseline (pretest) and during testing after the recovery night (day 2). Except for a slight reduction in latency (see below), no changes between baseline and day 2 could be found.
Latency of Saccades
Only the onset of memory-guided saccades was significantly delayed after 1 night of sleep deprivation. Latency of prosaccades and antisaccades was not affected by sleep deprivation ( Figure  1 ). Repeated-measures analyses of variance showed significant main effects of Measurement (pretest, day 1, day 2) for memoryguided saccades and prosaccades (F 2,12 > 7.0, P < .01, see Table 2 ). This effect seems to represent a slight reduction in latency from pretest to day 2 in memory-guided saccades and prosaccades. For memory-guided saccades, a significant interaction between Condition (sleep, sleep deprivation) and Measurement (pretest, day 1, day 2) (F 2,12 = 13.125, P = .001, see Table 2 ) was found. This Results are in milliseconds, presented as mean (SEM). *Indicates significant result. seems to denote a specific inability of subjects to respond quickly to delayed stimuli after sleep deprivation.
Accuracy of Saccades
Prosaccades are the most accurate type of saccades and the only ones affected by sleep deprivation. Their accuracy (given as the absolute difference to an optimal gain of 1, z-transformed) was reduced after sleep deprivation (Figure 2 ). Repeated-measures analysis of variance showed a significant effect of Condition (F 1,14 = 6.190, P = .026) and significant interaction between Condition and Measurement (F 2,13 = 6.266, P = .012). Gain of memory-guided saccades and anti-saccades was not affected by one night without sleep (Table 3) .
Peak Velocity of Saccades
Peak velocity (transformed to the equivalent velocity of 10° saccades) of all types of saccades was significantly reduced after 1 night of sleep deprivation. Repeated-measures analysis of variance showed significant interactions between Condition and Measurement for all types of saccades (F > 4.0, P < .05 for all types of saccades) (Figure 3) .
Error Rate in the Antisaccade Task
Percentage of errors (mean ± SEM) in the antisaccade task (reflexive saccade toward the target instead of the opposite direction) was not changed by sleep deprivation (pretest: 19.7 ± 3.6 vs 14. 
DISCUSSION
Previous studies have suggested that sleep deprivation has a detrimental effect on the oculomotor system. 13, 14 The present study confirmed that 1 night of sleep deprivation leads to a decrease in saccadic performance. Furthermore, not all types and parameters of saccades were affected by sleep deprivation in the same way. Peak velocity was reduced for all types of saccades. Changes in accuracy, on the other hand, could not be found in voluntary saccades, only reflexive prosaccades showed a marked hypometria. Latency was prolonged only for memory-guided saccades in which subjects had to wait up to 30 seconds after target presentation and not for prosaccades and antisaccades in which they had to respond immediately.
The results presented here are largely in accordance with those from previous studies. 13, 14 As those studies have shown, for prosaccades, saccadic peak velocity is reduced after sleep deprivation. According to our data, this is true not only for reflexive, but also for voluntary saccades and, therefore, appears to represent a more general effect of sleep deprivation, which recovers after 1 night of normal sleep. In other studies, saccadic velocity decreased with reduced alertness 22 and under the influence of sedative drugs such as benzodiazepines, 23 diphenhydramine, 24 and ethanol. 25 It has therefore been regarded as reflecting reduced attention, 26 but the normal latencies of visually triggered pro-saccades argue against this interpretation.
It remains an open question, the way in which sleep deprivation acts on saccadic performance. According to our data, only saccadic velocity was impaired in all types of saccades, indicating that this deficit must arise at a very late stage of the ocular motor processing, during the "final common pathway," ie, at the level of the excitatory burst neurons of the paramedian pontine reticular formation of the brainstem tegmentum, which code the velocity signal of saccades by their firing rate. 27 Their close anatomic vicinity to the sleep-regulating centers in other parts of the reticular formation suggests a common site and mechanism of functional suppression for both systems. Thus, we suggest that the reduced saccadic peak velocities are reflecting dysfunction of the brainstem reticular formation.
Latency was not significantly impaired in visually triggered prosaccade and antisaccade tasks after sleep deprivation. This result is in agreement with a study by Crevits et al, 12 who also failed to find prolonged latencies in either prosaccades or antisaccades. However, the finding is somewhat unexpected because simple reaction times are usually prolonged after sleep deprivation. 14, 28 Thus, the saccade deficits found after sleep deprivation cannot be attributed to a generally reduced level of attention. Further, the normal latencies of prosaccades support the view that sleep deprivation does not affect saccade functions of the parietal eye field and the superior colliculus, which are critical for controlling the initiation of visually guided saccades and the direction of visuospatial attention. 9 The same is true for the frontal eye field, which controls the initiation (latency) of voluntary saccades, such as antisaccades and-together with the dorsolateral prefrontal cortex-the suppression of erroneous prosaccades to the target. Both functions were within normal limits in this study. Only latencies of memory-guided saccades were prolonged after sleep deprivation. This might be related to the more difficult nature of the memory-guided saccade task. The task requires subjects to maintain a high level of sustained attention during the delay periods-for up to 30 seconds. Additionally, the go signal was the disappearance of the central fixation point, which is a weaker trigger stimulus than a newly appearing peripheral target. 29 Thus, this task might be the most sensitive to attention deficits after sleep deprivation. On the other hand, with the long memorization times of up to 30 seconds, these saccades resemble self-paced saccades, which are controlled by the supplementary eye field, the anterior portion of the supplementary motor area, and the frontal eye field. 30 Lesions of the supplementary eye field impair the ability to generate sequences of memory-guided saccades and lead to prolonged latencies in such sequences. 31, 32 In contrast, lesions of the dorsolateral prefrontal cortex impair the accuracy of memory-guided saccades and the ability to suppress erroneous prosaccades in the antisaccade task. 31 Because both of these functions were normal in the present study, sleep deprivation might cause specific dysfunction of the supplementary eye field, or possibly also the frontal eye field, but does not affect functions of other cortical saccade areas such as the parietal eye field or the dorsolateral prefrontal cortex.
A surprising finding was that sleep deprivation reduced the accuracy of reflexive prosaccades but not that of voluntary saccades. Prosaccades occur very frequently and are thus highly trained and usually very accurate. Because they are reflexive and automatic, their impairment points to a low-level process as their origin. Prosaccades are under the control of the superior colliculus and higher level efferences from the cortical eye fields, where saccades are coded as topographic maps of vectors containing amplitude and direction. 33 Because of this topographic encoding, the general changes induced by sleep deprivation are unlikely to induce a shift in saccade amplitude into a specific direction, eg, hypometria, at the level of the superior colliculus or cortical eye fields. Rather, hypometria, as found for prosaccades in the present study, can be caused by cerebellar dysfunction. 34 Moreover, while lesions of the parietal eye field lead to a reduced gain, together with a prolonged latency of reflexive prosaccades, 9 cerebellar lesions induce saccadic dysmetria in humans without changing the latency of reflexive saccades. 35 Because the cerebellum is also particularly vulnerable to sleep deprivation, it is likely that it mediates the impairment of gain found here. In the case of voluntary saccades, this hypometria seems to be compensated for by highlevel cortical processes, perhaps by mediation of the preserved functions of the parietal and frontal eye fields and the dorsolateral prefrontal cortex.
Regarding the effectiveness of registering saccadic eye movements as an indicator of fatigue after sleep deprivation, the results of this study identified saccadic peak velocity as the most promis- ing parameter because all kinds of saccades are affected reliably. Saccadic velocity can be measured quite easily by EOG, infrared reflection oculography, or video-based systems. To have an online assessment of sleep-deprivation effects, it would be sufficient to record a certain number of visually guided saccades and compare their velocity and variability to that of standard saccades. Specific thresholds for the operation of vehicles and machinery could be established individually or perhaps even generally. Because saccadic velocity is not under volitional control, this measure might prove resistant to motivational influences.
To summarize, sleep deprivation has a general impairing effect on the peak velocity of saccades, probably mediated by a reduced burst rate in saccadic burst neurons in the brainstem reticular formation. This parameter seems suitable to serve as an indicator of fatigue after sleep deprivation. Latency of saccade onset, on the other hand, is not generally reduced. It is only prolonged in the most straining memory-guided saccade task, pointing to a dysfunction of the supplementary eye field or general attention deficit. Quite surprisingly, accuracy is impaired only for highly autonomic reflexive saccades but not for voluntary antisaccades or memory-guided saccades, suggesting dysfunction of the cerebellar vermis, whereas high-level cortical processes for the control of saccade metrics appear not to be affected.
